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Abstract
A hallmark of apoptosis is the fragmentation of nuclear DNA.
Although this activity involves the caspase-3-dependent
DNAse CAD (caspase-activated DNAse), evidence exists that
DNA fragmentation can occur independently of caspase
activity. Here we report on the ability of truncated Bid (tBid) to
induce the release of a DNAse activity from mitochondria. This
DNAse activity was identified by mass spectrometry as
endonuclease G, an abundant 30 kDa protein released from
mitochondria under apoptotic conditions. No tBid-induced
endonuclease G release could be observed in mitochondria
from Bcl-2-transgenic mice. The in vivo occurrence of
endonuclease G release from mitochondria during apoptosis
was confirmed in the liver from mice injected with agonistic
anti-Fas antibody and is completely prevented in Bcl-2
transgenic mice. These data indicate that endonuclease G
may be involved in CAD-independent DNA fragmentation
during cell death pathways in which truncated Bid is
generated. Cell Death and Differentiation (2001) 8, 1136 ± 1142.

Keywords: apoptosis; caspase; mitochondria; tBid; endo-
nuclease G

Abbreviations: AIF, apoptosis inducing factor; CAD, caspase-
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Introduction

Internucleosomal DNA fragmentation is a hallmark of the
apoptotic process. The best characterized enzyme respon-
sible for this DNA fragmentation is the caspase-activated
DNAse CAD (also called DNA fragmentation Factor 40,
DFF40)1,2 that forms an inactive heterodimer with ICAD, the
inhibitor of CAD (also called DFF45).1,3 Under apoptotic
conditions, ICAD is proteolyzed by caspase-3 causing the
dissociation of the CAD/ICAD heterodimer, releasing CAD,
which then translocates from the cytosol to the nucleus. Cells
derived from mice that lack ICAD or that express caspase-
resistant mutant ICAD have reduced DNA fragmentation,
showing that CAD is the major DNAse implicated.3,4 However,
the development of these mice appeared to be normal,
suggesting that CAD activity is not required for mammalian
developmental cell death.4,5

Apoptosis Inducing Factor (AIF),6 a mitochondrial
flavoprotein translocated to the nucleus during the process
of apoptosis is implicated in large scale (*50 kb) DNA
fragmentation and peripheral chromatin condensation, but
not oligonucleosomal DNA laddering.7 Acinus, a chromatin
condensation factor, was shown to induce nuclear pyknosis
in the absence of DNAse activity.8 Although no clear in vivo
relevance has been provided yet, other factors being
involved in nuclear DNA fragmentation during the apoptotic
process have been described.9,10

In our search for proteins that are released from
mitochondria after an apoptotic stimulus, we identified
endonuclease G as such a candidate, using an in vitro
reconstitution system with purified recombinant tBid or
apoptotic cytosol from Fas-treated L929sAhFas cells on
isolated mitochondria. Endonuclease G, a mitochondrial
nuclease that has been suggested to play a role in
mitochondrial DNA replication,11 was clearly released
together with cytochrome c. When incubated with purified
nuclei, the tBid-induced mitochondrial supernatant could
evoke DNA degradation. This activity was absent in
supernatant of tBid-treated mitochondria from Bcl-2 trans-
genic mice and could not be prevented by caspase-
inhibitors. The release of endonuclease G during apoptosis
was confirmed in vivo in a model of anti-Fas induced
fulminant hepatitis.

Results

tBid-induced release of mitochondrial proteins

To study the release of mitochondrial proteins by tBid during
the process of apoptosis we generated recombinant murine
tBid. Incubation of recombinant tBid with isolated murine liver
mitochondria induced the release of cytochrome c (Figure
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1A). In parallel, a silver staining profile of the mitochondrial
supernatant revealed the presence of a *30 kDa protein as
compared to untreated control supernatant. As endogenous
Bid is cleaved under apoptotic conditions, we prepared
cytosol from L929sAhFas cells and treated that with
recombinant caspase-8. When incubated with purified
mitochondria, this activated cytosol was able to induce the
release of cytochrome c and the *30 kDa protein, a process
that was blocked in the presence of recombinant CrmA, a
caspase-8 inhibitor (Figure. 1B, left panel). Neither untreated
cytosol nor recombinant caspase alone was able to induce
release of cytochrome c or the *30 kDa protein (Figure 1B
and data not shown). A similar observation was done using
apoptotic cytosol from anti-Fas treated L929sAhFas cells
(Figure 1B, right panel). Immunodepletion of Bid and tBid from
the apoptotic cytosol abolished the capacity of the apoptotic
cytosol to induce the release of cytochrome c and the
*30 kDa protein (data not shown and see Figure 3B),
demonstrating that tBid is required. Under necrotic conditions
however, using cytosol from TNF-treated L929sAhFas cells,
no release of cytochrome c nor of the *30 kDa protein could
be observed (Figure 1B, right panel).

Inhibition of the *30 kDa protein release by Bcl-2

To assess the question if Bcl-2 is able to prevent mitochon-
drial release of the *30 kDa factor, we prepared liver
mitochondria from wild-type and liver-specific Bcl-2 trans-
genic mice.12 As expected, Bcl-2 blocked the release of
cytochrome c induced by recombinant tBid (Figure 1C, left
panel) and by apoptotic L929sAhFas cytosol (Figure 1C, right
panel). Also the release of the *30 kDa protein was
abolished under these conditions as is appreciated from the
silver staining profiles.

Mass spectrometric identification of the *30 kDa
factor as endonuclease G

In order to identify the *30 kDa factor, a mitochondrial
preparation from one mouse liver was exposed to 170 nM
purified tBid and the mitochondrial supernatant was separated
by means of 15% SDS ± PAGE together with the supernatant
of an untreated control, followed by Coomassie Brilliant Blue
staining (Figure 2A). The *30 kDa protein band, present in
the tBid-induced supernatant, together with the corresponding

Figure 1 Modulation of the release of a *30 kDa protein in isolated mitochondria. (A) tBid-induced release of cytochrome c and a *30 kDa protein. Mouse liver
mitochondria were incubated with control buffer or 10 ng (corresponding to 6.7 nM) recombinant tBid. Supernatants were separated by means of 15% SDS ± PAGE
followed by Western Blotting (WB) using an anti-cytochrome c antibody or by silver staining (SS). (B) Induction of cytochrome c and the *30 kDa protein release by
apoptotic L929sAhFas cytosol. Non-treated L929sAhFas control cytosol was preincubated with recombinant murine caspase-8 (1 mg) and recombinant CrmA (5 mg)
as indicated, and incubated with liver mitochondria (left panel). Non-treated L929sAhFas control cytosol, anti-Fas antibody-induced (250 ng/ml) L929sAhFas
apoptotic cytosol and mTNF-induced (10 000 U/ml) L929sAhFas necrotic cytosol were incubated with liver mitochondria as indicated (right panel). The
supernatants were recovered after centrifugation and immunoblotted with an anti-cytochrome c antibody (WB) or visualized by silver staining (SS). (C) Inhibition of
tBid- and L929sAhFas cytosol-induced release of cytochrome c and *30 kDa protein by Bcl-2. Recombinant tBid (10 ng) was incubated with liver mitochondria
from wild-type or liver-specific Bcl-2 transgenic mice (left panel). Non-treated L929sAhFas control cytosol and anti-Fas antibody-induced (250 ng/ml) L929sAhFas
apoptotic cytosol were incubated with liver mitochondria as indicated (right panel). The supernatants were recovered after centrifugation and immunoblotted with
an anti-cytochrome c antibody (WB) or visualized by silver staining (SS)
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region of the lane loaded with control supernatant, were
excised from the gel, trypsinized and used for MALDI-MS
peptide mass fingerprint analysis.13 MALDI-PSD analysis of a
peptide with a mass of 1370.74 Da, present in the spectrum of
the tBid-induced condition but absent in the negative control
(Figure 2B and C), led to the identification of the peptide
baring the sequence NH2-ASGLLFVPNILAR-COOH from the
mouse endonuclease G protein. This was further verified by
manually checking the PSD-spectrum for the presence of
other tryptic peptide fragments of endonuclease G (Figure
2D). Finally, we identified more fragments that cumulatively
covered about 30% of the amino acid sequence of
endonuclease G (data not shown). The identification was
confirmed by Western blotting, demonstrating the clear tBid-
induced release of the mitochondrial 30 kDa endonuclease G
together with cytochrome c (Figure 3A). Immunodepletion of
endogenous Bid from apoptotic cytosol completely blocked
the capacity of apoptotic cytosol to induce the release of

endonuclease G (Figure 3B) indicating that Bid is sufficient
and essential for mitochondrial endonuclease G release.

Endonuclease G allows caspase-independent
nuclear DNA degradation during apoptosis

Endonuclease G is a mitochondrial nuclease that has been
suggested to play a role in mitochondrial DNA replication11

but a role in nuclear DNA fragmentation or an involvement in
the apoptotic process was never shown, until recently.14,15 As
endonuclease G was identified in the mitochondrial super-
natant that is released under apoptotic conditions, we
investigated the hypothesis that the tBid-induced mitochon-
drial supernatant possessed intrinsic DNAse activity on
isolated nuclei as compared to control supernatant. U937
nuclei were isolated and incubated with supernatant of
untreated or tBid-treated mitochondria. As shown in Figure
4A, tBid-induced mitochondrial supernatant is able to induce

Figure 2 MALDI-MS identification of tBid-induced mitochondrial release of mouse endonuclease G. (A) A mitochondrial preparation of one liver was subjected to
15% SDS ± PAGE and stained with Coomassie Brilliant Blue. (B, C) The *30 kDa protein band released by tBid and its control were digested using trypsin. The
generated peptide mixture was separated by reverse phase-HPLC and shown are MALDI-MS spectra of peptides present in the HPLC-fraction from protein digests
in the negative control (B) and tBid-released (C) proteins. (D) MALDI-PSD analysis of the peptide with a mass of 1370.74 Da present in the spectrum of B, led to the
identification of the peptide baring the sequence NH2-ASGLLFVPNILAR-COOH of the mouse endonuclease G protein

Cell Death and Differentiation

Endonuclease G in apoptosis
G van Loo et al

1138



DNA fragmentation while control supernatant is not. In Bcl-2
mitochondria no DNAse activity is released when exposed to
tBid (Figure 4B). This observation is in accordance with the
fact that endonuclease G release is prevented in mitochondria
from Bcl-2 transgenic mice (Figure 1C). Western blotting
revealed no caspase immunoreactivity in the supernatant of
the mitochondria (caspases-1, -2, -3, -6, -7, -8, -9, -11; data

not shown). In line with that, no DEVDase activity was
detectable in tBid-induced mitochondrial supernatant (data
not shown) nor could the caspase-3 specific inhibitor DEVD-
fmk block the DNA fragmentation generated by tBid-induced
mitochondrial supernatant (Figure 4A). These data clearly
show that the nuclease activity on isolated nuclei acts
independent of caspase activity and is different from the
caspase-3 dependent nuclease activity of CAD.

To verify the in vivo relevance of the release of
endonuclease G during the apoptotic process, C57BL/6
wild-type and Bcl-2 transgenic mice12 were injected with
agonistic anti-Fas antibody. While Bcl-2 transgenic mice
were very well protected against a lethal dose of anti-Fas
antibody, wild-type mice died of massive liver apoptosis
(data not shown). As shown in Figure 5, release of
endonuclease G from mitochondria to cytosol, together
with cytochrome c, can be demonstrated in anti-Fas-
injected wild-type mice, in contrast to Bcl-2 littermates.

These data indicate that endonuclease G also in vivo is
released during the apoptotic process and may participate
in DNA degradation.

Discussion

In our search for proteins that are released from mitochondria
during the process of apoptosis, we used an in vitro
reconstitution system in which isolated mitochondria were
treated with purified recombinant tBid or endogeneous tBid
using apoptotic cytosol from anti-Fas antibody treated
L929sAhFas cells (Van Loo et al., submitted). One of the
proteins we identified by mass spectrometric analysis of the
mitochondrial supernatant was endonuclease G. Endogen-
ous levels of Bid are sufficient and essential for endonuclease
G release from mitochondria as immunodepletion of Bid from
cytosol incubated with mitochondria in vitro completely
abrogated the release of the protein. Apoptotic release of
mitochondrial endonuclease G was completely blocked in
conditions where Bcl-2 was overexpressed. Under necrotic

Figure 3 tBid is sufficient and required for mitochondrial endonuclease G release. (A) tBid was incubated with purified liver mitochondria from wild-type and Bcl-2
transgenic mice. Supernatants were separated from the mitochondrial pellets by centrifugation and subjected to 15% SDS ± PAGE, followed by immunoblotting with
anti-endonuclease G and anti-cytochrome c antibody. (B) Endogeneous Bid was immunodepleted from L929sAhFas cytosol (cyt) activated with recombinant
caspase-8 (1 mg) prior to incubation with mitochondria, as indicated. Supernatants were isolated and subjected to SDS-PAGE followed by immunoblotting with anti-
endonuclease G or anti-cytochrome c

Figure 4 tBid mitochondrial supernatant induces DNA fragmentation on
isolated U937 nuclei, an activity that is absent in Bcl-2 mitochondrial
supernatant. (A) U937 nuclei were incubated with supernatant of wild-type
mitochondria induced with 0 or 100 ng tBid (lanes 3 and 4 ± 5 respectively) in
the absence (lane 1 ± 4) or presence of DEVD-fmk inhibitor (lane 5). As
controls, U937 nuclei were incubated with buffer alone (lane 1) and sonicated
mitochondria (lane 2). (B) U937 nuclei were incubated with supernatant of wild
type mitochondria (lanes 1 ± 4) or Bcl-2 transgenic mitochondria (lane 5 ± 8)
induced with 0, 100, 30, and 10 ng tBid respectively. All samples (A and B)
were analyzed by means of agarose gel electrophoresis and detection of DNA
with ethidium bromide staining
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conditions, endonuclease G seems not to be released from
mitochondria as was shown with necrotic L929sAhFas cytosol
reconstituted with purified mitochondria in vitro.

Endonuclease G is a mitochondrial nuclease that is likely
implicated in mitochondrial DNA replication.11 and is
synthesized as a propeptide with an amino-terminal
presequence that targets the nuclease to mitochondria.11

Besides these data, little is known about the precise
function of endonuclease G but it was never associated
with nuclear DNA fragmentation or cell death in general.
Although endonuclease G implication in mitochondrial DNA
replication favors the idea of a matrix localization, the
released mitochondrial fraction of endonuclease G is rather
confined to the intermembrane space as we could clearly
show that the matrix protein adenylate kinase 3 was
retained within the mitochondria after exposure to tBid
(data not shown; Van Loo et al., submitted).

As we identified endonuclease G as one of the proteins
that is clearly released from mitochondria by an apoptotic
trigger, we addressed the question if this nuclease could be
involved in apoptotic nuclear DNA fragmentation. Our
experiments revealed that the mitochondrial supernatant
that was released under apoptotic conditions with tBid
could clearly induce DNA fragmentation when incubated
with isolated nuclei. This activity was absent in tBid-induced
mitochondrial supernatant from Bcl-2 transgenic mice.
Moreover, neither procaspases or activated caspases were
detectable by Western blotting or by an enzymatic assay,
nor did the addition of caspase-inhibitors affect nuclear
DNA degradation, demonstrating a caspase-independent
action of this DNAse activity. The in vitro data obtained with
isolated mitochondria could be confirmed in vivo in a
murine model of lethal hepatitis. Administration of agonistic
anti-Fas antibodies induced the release of both endonu-
clease G and cytochrome c from the mitochondria to the
cytosol. This mitochondrial release was completely absent
in Bcl-2 transgenic mice. Since CAD and ICAD are very low
expressed in liver tissue (5,16 and S Nagata, personal
communication), the clear DNA fragmentation observed in
this tissue during fulminant hepatitis may be mediated by
mitochondrial endonuclease G release. However, the actual
contribution of this nuclease in apoptotic DNA fragmenta-
tion remains to be determined.

These data open an interesting possibility of defining a
caspase-independent cell death pathway leading to DNA
fragmentation. Many different apoptogenic stimuli impinge
on the specific proteolysis of Bid. Proteolysis of Bid is
exerted by caspases to generate 15 kDa tBid,17,18 by

granzyme B to generate 14 kDa gtBid19 or by lysosomal
proteases.20 The latter two proteolytic cascades may allow
the release of endonuclease G independent of active
caspases resulting in caspase-independent DNA degrada-
tion. A DNAse that can act independently of caspases may
still allow DNA fragmentation in the presence of exogenous
or endogenous caspase inhibitors.21 This caspase-inde-
pendent DNA fragmentation also impairs the definition of
apoptosis as a caspase-dependent phenomenon.21

Recently, Li et al.15 encountered the same caspase-
independent nuclease pathway initiated from mitochondria.
The residual nucleosomal DNA fragmentation observed in
ICAD transgenic mice and in caspase-resistant ICAD mice,4,5

could be due to endonuclease G, as the release and
translocation of endonuclease G from mitochondria to the
nucleus in ICAD-deficient embryonic fibroblasts has been
observed. In another study, using a functional genetic screen,
the nuclease csp-6 was identified as the first mitochondrial
protein involved in programmed cell death in C. elegans. Csp-
6 is most probably the nematode counterpart of endonu-
clease G14 providing evidence for an evolutionarily conserved
link between the mitochondria and nuclear apoptosis.

To conclude, these data suggest that the tBid-induced
release of endonuclease G may be involved in CAD-
independent DNA fragmentation. Under these conditions
caspase-3 would not be required for nuclear DNA degradation.

Materials and Methods

Reagents

Monoclonal hamster anti-mouse Fas antibody Jo2 (Pharmingen, San
Diego, CA, USA) was dissolved in endotoxin-free PBS and injected
intravenally (15 mg/200 ml per mouse). Livers were excised from
sacrificed mice and placed into ice-cold homogenization buffer (5 mM
KH2PO4 Ph 7.4, 0.3 M sucrose, 1 mM EGTA, 5 mM MOPS). The
caspase peptide inhibitor acetyl-Asp-Glu-Val-Asp-fluoromethylketone
(Ac-DEVD-fmk) was obtained from Enzyme Systems Products
(Dublin, CA, USA), and the caspase fluorogenic substrate acetyl-
Asp-Glu-Val-Asp-aminomethylcoumarin (Ac-DEVD-amc) was ob-
tained from Peptide Institute Inc. (Osaka, Japan).

Expression and puri®cation of recombinant
proteins

Murine tBID (residues 60 ± 195) with a tag of six histidines at the N-
terminus was cloned in the pLT10 vector and expressed in Escherichia
coli. The protein was recovered in the soluble bacterial fraction and

Figure 5 Endonuclease G is released from mitochondria of apoptotic cells during in vivo apoptosis. Wild type and Bcl-2 transgenic mice were intravenally injected
with PBS or agonistic anti-Fas antibody and liver mitochondria were prepared as described in Materials and Methods. One hundred mg of mitochondrial (M) and
cytosolic (C) lysates were subjected to 15% SDS ± PAGE, followed by immunoblotting with anti-endonuclease G or anti-cytochrome c antibody
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purified by cobalt-immobilized metal affinity chromatography (TALON,
Clontech, Palo Alto, CA, USA) using the manufacturer's protocol.
Active recombinant murine caspase-8 was expressed and purified by a
similar method.22 Recombinant cowpox CrmA protein was a generous
gift from Dr. G Salvesen (Burnham Institute, La Jolla, CA, USA).

Isolation of murine liver mitochondria

Livers of C57BL/6 wild-type and bcl-2 transgenic mice12 were
homogenized using a Wheaton type B douncer in homogenization
buffer (5 mM KH2PO4 Ph 7.4, 0.3 M sucrose, 1 mM EGTA, 5 mM 3-(N-
morpholino)propanesulfonic acid). The homogenates were cleared by
centrifugation at 18006g for 10 min at 48C to remove intact cells and
nuclei. The supernatant was spun down at 10 0006g for 10 min at 48C
to precipitate the mitochondria containing heavy membrane fraction
and further purified on a Percoll gradient as described earlier.23 The
mitochondrial pellet was resuspended in cell free system (CFS) buffer
(10 mM HEPES-NaOH pH 7.4, 220 mM mannitol, 68 mM sucrose,
2 mM NaCl, 2.5 mM KH2PO4, 0.5 mM EGTA, 2 mM MgCl2 5 mM
pyruvate, 0.1 mM PMSF, 1 mM dithiothreitol), kept on ice and used
within 1 h of preparation.

Western Blot analysis of tBID induced release of
mitochondrial proteins

Intact mouse liver mitochondria equivalent of 40 mg protein were
incubated at 378C in 100 ml CFS buffer for 20 min with various
reagents as indicated in the figure legends. The supernatants were
separated from the mitochondria by centrifugation at 20 0006g for
10 min at 48C. One fifth of the supernatant was subjected to 15%
SDS ± PAGE followed by Western Blotting with anti-cytochrome c
antibody (clone 7H8.2C12, Pharmingen, CA, USA) or anti-endonu-
clease G antibody which was made against the peptide AMDDT-
FYLSN. Blots were visualized with the chemiluminescence NEN
Renaissance method (Du Pont, Wilmington, DE, USA) after incubation
of membranes with secondary antibody coupled to horseradish
peroxidase.

Preparation of L929sAhFas lysates

L929sAhFas cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM), supplemented with penicillin (100 U/ml), streptomycin
(0.1 mg/ml), L-glutamine (0.03%) and fetal calf serum (10%). Cells
were left untreated, stimulated with 250 ng/ml agonistic anti-human
Fas antibody (clone 2R2, Cell Diagnostica, MuÈ enster, Germany) for
30 min to 2 h or with 10 000 U/ml recombinant murine TNF (produced
in our laboratory by Alex Raeymaeckers) for 2 ± 7 h. Cells were
washed in cold PBS and permeabilized in 0.02% digitonin (Boehringer
Mannheim GmbH, Mannheim, Germany) dissolved in CFS buffer and
left on ice for 1 min. This treatment allows selective lysis of the outer
cell membrane without affecting the organelle membranes. Lysates
were cleared by centrifugation at 20 0006g for 10 min and stored at
48C. For Bid depletion experiments, the digitonin lysate of
L929sAhFas cells was precleared three times by incubation for
5 min with 20% protein G beads (Amersham Pharmacia Biotech,
Rainham, UK) and incubated with anti-Bid antibody (10 mg/ 56106

cells) (RD Systems Inc., Minneapolis, MN, USA) and the mixture is
rocked in the cold for 1.5 h at 48C. The antibody complexes were
captured with protein G beads (20%) for 30 min at 48C and removed by
centrifugation. The incubation with anti-Bid antibody was repeated.
The resulting Bid-depleted supernatant was used in the reconstitution
experiment with purified liver mitochondria.

Protein identi®cation using MALDI-MS

For purification purposes, a mitochondrial preparation from one liver
(corresponding to approximately 1 mg total protein) was incubated
with 170 nM purified tBid for 20 min at 378C (500 ng tBid/200 ml of
mitochondria equivalent to 1 mg of total protein). Supernatant was
removed from the mitochondria by centrifugation at 20 0006g for
10 min at 48C. Proteins were separated by 15% SDS ± PAGE followed
by Coomassie Brilliant Blue staining. The *30 kDa protein band in the
tBid-induced mitochondrial supernatant and the corresponding bands
at the same height in the supernatant of unstimulated mitochondria,
were excised and in gel digested using trypsin, as described
previously.26 Following digestion, the supernatant containing the
tryptic peptides was removed from the gel pieces and acidified using
1 ml of formic acid. A small fraction (10%) of this mixture was
concentrated on Poros 50 R2 beads (Roche Molecular Biochemicals,
Basel, Switzerland) and used for MALDI-MS peptide mass-fingerprint
analysis, as described previously.13 Since the excised gel bands
contained multiple proteins, no unambiguous protein identification
could be made by solely using the obtained tryptic peptide mass maps.
Therefore the remainder of the peptide mixture was loaded on a 1 mm
i.d.650 mm Vydac C18-column (Vydac Separations Group, Hesperia,
CA, USA) and the peptides were separated by reverse phase-HPLC
using an acetonitrile gradient. Eluting peptides were automatically
collected in an acqueous solution containing a small number of Poros
50 R2 beads.13 These fractions were completely dried in a centrifugal
vacuum concentrator and stored at 7208C until further analysis by
MALDI-MS. All MALDI-MS experiments were performed on a Bruker
Reflex III MALDI-TOF mass spectrometer (Bruker Daltonik GmbH,
Bremen, Germany). The peptides present in each reverse phase-
HPLC fraction were first scanned in reflectron mode and peptides that
were clearly enriched compared to the negative control sample were
further on selected for MALDI-PSD analysis. The peptide fragmenta-
tion spectra obtained were automatically used for protein identification
in a nonredundant protein database using the MASCOT-algorithm
(http://www.matrixsciences.com).

Isolation of U937 nuclei and measurement of DNA
fragmentation

Exponentially growing U937 cells (2006106 cells) were incubated for
30 min with 10 mM cytochalasin B (Sigma, St. Louis, MO, USA) and
collected by centrifugation for 5 min at 2006g. Cells were washed in
cold PBS and rocked on ice for 20 min in NB buffer (10 mM HEPES-
NaOH pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 0.1 mM PMSF).
Cells were dounced 20 times and the homogenate was brought over a
double volume of a sucrose cushion in NB complete buffer (NB+30%
sucrose) and spun down at 5006g for 6 min at 48C. The nuclear pellet
was washed in CFS and nuclei were resuspended in CFS buffer. For
studying DNA fragmentation, 106 U937 nuclei were incubated in CFS
buffer with a quarter of the mitochondrial supernatant for 2 h at 378C in
a total volume of 30 ml. Nuclei were lysed in TE buffer (50 mM Tris-HCl
pH 8.0, 10 mM EDTA) with 0.5% SDS and 0.5 mg/ml proteinase K for
4 h at 378C. Proteins were extracted with TE-buffered phenol and DNA
was precipitated with two volumes EtOH and 1/10 volume of 4 M NaCl
by overnight incubation at 7208C. The DNA pellet was resuspended in
0.16TE and loaded on a horizontal 1.8% agarose gel.
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